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Summary. Knowledge of the plutonium complexes formed
with bacterial cells is critical for predicting the influence of
microbial interactions on the migration behavior of actinides
in the environment. This investigation describes the interaction
of plutonium(VI) with cells of the aerobic soil bacteria,
Bacillus sphaericus. The studies include the quantification
of carboxylate and phosphate functional groups on the cell
walls by potentiometric titration and the determination of
the plutonium speciation by X-ray absorption fine structure
(XAFS). Extended-XAFS (EXAFS) was used to determine the
identity of the Pu(VI) interfacial complex with the bacteria,
and the Pu(VI) was found primarily bound to phosphate
groups on the cell surface. No carboxylate complexation was
detected.

Introduction

Microbial processes can have an important influence on
the migration behavior of actinides in natural systems. Mi-
croorganisms can oxidize or reduce multivalent actinides,
cause precipitation of radionuclides and biodegradation of
solvents and complexants coexisting in the soil or in waste
streams, and form strong complexes with the actinide con-
taminants [1]. These processes can cause either mobilization
or immobilization of the radionuclides.Bacilli are ubiqui-
tous in nature and because of their ability to form spores they
survive even under very harsh conditions [2]. Earlier inves-
tigations with different strains ofBacillus have shown that
Bacilli form strong surface complexes with uranium(VI) [3].
The characterization of the U(VI)-Bacilli complexes with
time-resolved laser fluorescence spectroscopy and X-ray ab-
sorption fine structure spectroscopy (XAFS) have proven
that uranium(VI) is bound to phosphate groups [3, 4]. Con-
trary to U(VI), plutonium species are redox active and can
coexist in several oxidation states,i.e., 4+, 5+, and 6+, in
aqueous solution under environmental conditions [5]. In par-
ticular, hexavalent plutonium has a high solubility and is
quite stable under aerobic conditions, and, therefore, has the
potential of being transported from contaminated areas to
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environments accessible by humans. Sorption studies with
Pu(VI) have shown that the interaction with the biomass
causes changes of the oxidation state [6]. Knowledge of the
plutonium complexes formed with bacterial cells is very im-
portant for predicting the influence of microbial interactions
on the migration behavior of actinides in the environment.
XAFS spectroscopy is a useful tool for characterizing the
speciation of metal ions in a variety of complex experimen-
tal systems. XAFS is composed of two component spectro-
scopies, X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS), which
provide element specific oxidation state and local structure
information, respectively.

Our research focuses on the interaction of plutonium(VI)
with cells ofBacillus sphaericus. The number of functional
groups on the cell surface are quantified by potentiometric
titration and compared to chemical analysis results of iso-
lated cell walls. The studies include determination of the dif-
ferent plutonium oxidation states after varying contact times
with the biomass by XANES, and characterization of the
Pu(VI) complex withBacillus sphaericus cells by EXAFS.

Experimental

Potentiometric proton titration

The bacterial strain (Bacillus sphaericus ATCC 14577) was
grown under aerobic condition in 500 mL nutrient medium
(8 g/L nutrient broth, Difco) at 22◦C. The biomass was har-
vested by centrifugation (6000× g). The cells were washed
four times each with 50 mL physiological NaCl-solution
(0.9%).

The potentiometric titration to determine the amount
of phosphorus on the cell walls was performed in 0.01 M
NaClO4 at 23◦C under nitrogen using an ORION 960 Au-
tochemistry System. The system consists of an ORION 960
module, an EA 940 pH/ISA meter, an autodispenser, and
an electrode tower. The biomass (5.07 mgdry weight) was sus-
pended in 20 mL 0.01 M NaClO4 and titrated with 0.01 M
NaOH (CO2 free). Blank titrations were carried out under
the same conditions. The binding and removal of protons
from the cell walls at a given pH was determined by sub-
tracting the amount of titrant added to the blank solution
from those of the cell wall titration. Titrant was added when
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dmV/dt was less than 0.5 mV per 1 min. The change of pH
was approximately 1 unit in 20 minutes. Additionally, titra-
tions using 0.01 M HCl and 0.01 M NaOH were performed
to investigate possible hysteresis of the acid and base titra-
tion curves.

Biosorption

The 239Pu was purified by ion exchange chromatography
(Dowex AG1-X8 anion resin), the eluate was evaporated
twice with conc. HNO3 to near dryness, and the pluto-
nium was oxidized to Pu(VI) with concentrated HClO4.
For our biosorption studies, we contacted different amounts
of biomass with 30.4 mg/L Pu(VI) in 1.5 mL 0.9% NaCl-
solution at pH 4.4 for six hours. The biomass was varied
from 0.07 gdry weight/L to 1.17 gdry weight/L. Plutonium concen-
trations were measured by liquid scintillation counting using
a LKB Wallac, 1219 Rackbeta liquid scintillation counter.

XAFS

Two hundred and fifty micro liters of the239Pu(VI) stock
solution (5.7×10−3 mol/L, 0.1 M HClO4) were used for
XAFS measurements to obtain the Pu(VI) reference spec-
trum. Pu(V) was prepared by electrochemical reduction
of Pu(VI). The reduction was carried out at pH 3 and
+0.450 volts (vs. Ag/AgCl). Details on the preparation
of different oxidation states and the equipment used are
described elsewhere [7, 8]. The final solution
(2.4×10−3 mol/L, pH 3, 0.1 M NaClO4) contained more
than 99% Pu(V). Oxidation state purity was verified by
optical absorption spectroscopy. PuO2(H2PO4)2 was pre-
cipitated at pH 3.5 by adding a 0.1 M NaH2PO4 solution
to the Pu(VI) solution (pH 3.5). After removing more
than 90% of the water, the sample was measured as
wet paste. The bacterial samples for XANES were pre-
pared by incubating 1350µL of the bacterial stock solu-
tion (8.34 gdry weight/L) in physiological NaCl solution with
0.84 mg Pu(VI) at pH 4.4 and were measured as wet
pastes.

For the preparation of the pure Pu(VI)Bacillus-complex
used for EXAFS measurement, we removed the Pu(VI)
which remained in solution and the Pu(V) which was formed
by bacteria-mediated reduction of Pu(VI) by washing the
biomass with 1 mL physiological NaCl solution before the
sample was transported to the beamline. The sample (wet
paste) was measured within six hours after the last wash-
ing process. All samples were placed in 250µL plastic tubes
prior to the XAS measurement.

Plutonium XAFS spectra were collected at the Stanford
Synchrotron Radiation Laboratory on wiggler beam line 4-1
using a half-tuned Si (220) double-crystal monochromator.
Measurements were performed in fluorescence mode using
a 4-element Ge fluorescence detector [9] at the PuL III edge.
Energy calibration was performed by simultaneously meas-
uring the XANES of a PuO2 reference. Three scans were
collected on each sample and averaged to improve the statis-
tics. All data reduction and fits utilized standard proced-
ures [10, 11]. In particular, data from the Ge detector data
were corrected for dead time. Curve-fitting amplitudes and
phases were calculated using FEFF7.

Solvent extraction

To verify the distribution of oxidation states obtained from
the XANES, the Pu oxidation state was also determined by
solvent extraction methods. Five hundredµL of the solution
were extracted with 500µL of 0.5 M thenoyltrifluoroace-
tone (TTA) in xylene and 500µL di(2-ethylhexyl)phosphoric
acid (HDEHP) in toluene, respectively. The extractions were
performed according to Ref. [12]. The Pu concentrations of
all phases were measured by liquid scintillation counting.

Results

Determination of the phosphate groups on the cell
surface

The cell walls of bacteria are porous three-dimensional
macromolecular networks. The main cell wall polymer
of Gram-positive bacteria is peptidoglycan. Besides the
peptidoglycan other macromolecules like teichoic acid,
(lipo)polysaccharides, (lipo)proteins, and enzymes may be
present. These macromolecules carry carboxylic, phosphate
and amino groups. Bacterial cell walls have amphoteric
character. They also possess more anionic than cationic
groups, and most bacterial cells have an isoelectric point
below pH 4 [13, 14].

The results of the proton titration ofBacillus sphaericus
are given in Fig. 1. Under these experimental conditions, we
observed no hysteresis in the acid and base titration curves.
This indicates that the charging process can be considered
as reversible which implies the charged groups within the
cell wall are in equilibrium with the surrounding electrolyte.
The point of zero charge (PZC) was at pH 4.1, which is in
good agreement with literature values [14] for other Gram-
positive bacteria.

The inflection points of the titration curve show distinct
pH regions for different classes of functional groups. We
used the reciprocal differential titration curve approach (also
shown in Fig. 1) to determine these pH regions better. The
maxima of the differential titration curve indicate the equiv-
alence points of the classes of functional groups. The pK
values determined are the average value for one class of
functional groups. The pK values of a particular functional

Fig. 1. Titration curve ofBacillus sphaericus (left scale) and the recip-
rocal differential titration curve (right scale) as a function of pH.
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group may be higher or lower, depending on neighboring
groups and their binding to the cell wall. The small max-
imum at pH 4.3 can be attributed to carboxylic groups on
the cell surface. This value is in very good agreement with
literature values for carboxylic groups of different Gram-
positive bacteria which were found to be between pH 4.1 and
4.7 [14]. The main maximum at pH 8.3 was identified as the
equivalent point of the dissociation of the second hydrogen
ion of the phosphate group and is also in good agreement
with literature data [14]. Generally, the dissociation con-
stants of functional groups of polyelectrolytes differ from
that of isolated groups (pK(H2PO4

−/HPO4
2−) = 7.2). This

difference is due to the influence of the organic molecule
to which the functional groups are bound, and also to the
electrostatic interactions with neighboring groups. This so-
called polyelectrolyte effect increases with decreasing ionic
strength. The pK for the amino groups is between 11 and
12 [14] and the one for the dissociation of the first hydro-
gen ion of the phosphate groups is below 2.25 [14], and are
beyond the pH region of our titration.

The number of phosphate groups was determined from
the differential titration curves as a function of the amount
of protons bound to the cell wall (not shown). The an-
alysis of the titration data yielded a value of 0.89±
0.09 mmol/gdry weight for the Bacillus sphaericus strain
studied. This number compares well with those obtained by
chemical analysis of isolated cell walls of differentBacillus
strains (0.5–1.6 mmol/gdry weight) [4].

Sorption studies provide information on the amount of Pu
bound to different amounts of biomass (see Fig. 2). The re-
sults show that not all phosphate groups on the cell surface
determined by acid/base titration are available for binding
of Pu(VI). We calculated a maximum loading with Pu(VI)
on the biomass of 39% (compared to the total number of
available phosphate groups) for the low biomass concen-
trations. With increasing biomass concentration, the cells
agglomerate [6] and the number of available phosphate
groups decreases relatively to the dry weight. As shown in
Fig. 2 (right scale), this leads to a non-linear decrease of the
[Pu]bound/[phosphate] fraction with increasing bacterial con-

Fig. 2. Sorption of Pu(VI) ([Pu]initial = 30.4 mg/L) (left scale) and
changes of the molar ratio of Pubound to the phosphate groups on the cell
surface (right scale) with increasing biomass concentration.

centrations. The molar ratios of P to Pubound are in excellent
agreement with our earlier results on U(VI) with different
Bacillus strains [4]. The molar ratios of P to Ubound were
found to be between 3: 1 and 10: 1 which reveals that only
specific phosphate groups of the cell walls are involved in
the complexing of U(VI).

XAFS of plutonium complexes with Bacillus
sphaericus
Determination of Pu oxidation states by XANES

Based on our earlier results on microbial interaction of
Pu(VI) with bacteria, we developed a model to describe
the interaction of Pu(VI) with aerobic soil bacteria [6]. The
overall mechanism includes three processes with different
time scales. In a first step, Pu(VI) is bound to phosphate
groups of the biomass. This process is characterized by fast
kinetics and depends strongly on the amount of biomass
that determines the number of available binding sites on the
cells. In a second step, a part of the cell-bound Pu(VI) is
reduced to Pu(V) by interaction with the biomass. This pro-
cess is much slower compared to the binding of Pu(VI) to
the biomass. After 24 hours, one third of the initial Pu(VI)
was reduced to Pu(V). Due to the weak complexation abil-
ity of the PuO2

+, the Pu(V) formed was found in solution.
At that time, no Pu(IV) could be detected. Long-term stud-
ies have shown that after a contact time of one month,
16.1% Pu(IV) was formed resulting from disproportionation
of Pu(V) and autoreduction of Pu(VI) (third process). The
amount of Pu(IV) formed is strongly dependent on the initial
Pu(VI) concentration. The plutonium concentration used for
XAFS was 30 times higher than that of our mechanistic stud-
ies in [6]. Therefore, we expected to find a higher amount of
Pu(IV) in these samples.

Plutonium oxidation states are often determined by meas-
uring the mainL III absorption energy (generally taken as the
first inflection point of the edge) relative to a known stan-
dard [15–17]. In addition to the energy shifts of the Pu(IV),
Pu(V) and Pu(VI) standards relative to the PuO2 reference
(1.9±0.1 eV, 0.2±0.1 eV, and 2.3±0.1 eV, respectively),
there is a feature on the high energy side of the white line
in the Pu(V) and Pu(VI) standard spectra due to the Pu−Oax

multiple scattering (see discussion regarding EXAFS below)

Fig. 3. X-ray absorption spectra of Pu(IV), Pu(V) and Pu(VI). Note the
feature near 18 070 eV in the Pu(V) and Pu(VI) spectra that is due to
Pu−Oax multiple scattering.
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Fig. 4. Determination of oxidation states of Pu by fitting the XANES
spectrum after 9 days of contact withBacillus sphaericus to the
weighted sum of standard spectra between 18 000 and 18 080 eV.

(Fig. 3). These energy and shape differences allow for a de-
termination of the relative concentrations of the Pu species
by fitting the bacteria spectra to the weighted sum of the
appropriate standard spectra between 18000 and 18080 eV.
This procedure generally gives an accurate measurement of
the relative Pu(IV) concentration; however, the small edge
shift and shape difference between the Pu(V) and Pu(VI)
standard spectra causes correlations between their concen-
tration measurements. To minimize these correlations, we
fix the standard edge energies in the fits, allowing only the
amplitudes to vary. Moreover, we compare the results from
these XANES measurements to those obtained by solvent
extraction with TTA and HDEHP. Solvent extraction allows
a selective separation of different oxidation states of Pu even
at low concentration levels between 10−6 and 10−10 mol/L.

Fig. 4 shows the plutonium near-edge spectrum (initially
Pu(VI), [Pu] = 6.8 g/L) after 9 days of contact withBacil-
lus sphaericus. Analysis of the XANES spectrum (Table 1)
shows that 32±10% was still Pu(VI), whereas 28±12%
and 40±6% were reduced to Pu(V) and Pu(IV), respec-
tively. These results agree with the results from solvent ex-
traction within estimated errors (Table 1).

EXAFS studies of the Pu(VI) complex with Bacillus
sphaericus

In addition to the information on the valence of the cen-
tral atom obtained from the near-edge structure, EXAFS
measurements provide information on the local environment
around the central atom such as the atomic number and
the number of the neighboring atoms (N) and their distance
from the central atom (R). For EXAFS spectroscopy of the

Table 1. Oxidation state distribution of plutonium after 9 days contact withBacillus sphaericus determined by analysis of the XANES compared
to oxidation states obtained by solvent extraction with 0.5 M TTA and 0.5 M HDEHP. Errors in the XANES measurements were determined from
the covariance matrix and assuming thatχ2 divided by the degrees of freedom was equal to unity. Errors from solvent extraction are considered to
be∼ 5%.

Experimental conditions Oxidation state distribution by Oxidation state distribution by
edge fitting of XANES spectra solvent extraction

Bacillus sphaericus 40(6)% Pu(IV) 40(5)% Pu(IV)

[Pu] = 6.8 g/L 28(12)% Pu(V) 36(5)% Pu(V)

Contact time: 9 days 32(10)% Pu(VI ) 24(5)% Pu(VI )

Pu(VI) complex withBacillus sphaericus, formed during
the initial microbial interactions of Pu(VI) with aerobic soil
bacteria, we prepared a sample with a very low content of
Pu(IV) and Pu(V) (see experimental section). Both solvent
extraction and XANES show that at the time the sample
was measured (six hours after the last washing process) no
Pu(IV) was formed and the content of Pu(V) was lower
than 7.5%.

To better interpret the data of the Pu(VI)-Bacillus com-
plex, we measured the EXAFS spectra of the Pu(VI) and
the Pu(V) aquo ions in solution and the Pu(VI) phosphate
precipitate PuO2(H2PO4)2. The Pu LIII -edge k3-weighted
EXAFS spectra, the corresponding Fourier transforms of
the reference samples, and the theoretical fits are shown in
Figs. 5 and 6. The results of the data analysis are summa-
rized in Table 2. The Pu(V) and Pu(VI) dioxo-cations in the
standard solutions are characterized by two doubly-bound
axial oxygens at a short distance and their equatorial oxy-
gens at a longer distance. As shown in Table 2, the axial
and equatorial distances are 1.82 Å and 2.48 Å for the Pu(V)

Å

Fig. 5. Pu LIII -edgek3-weighted EXAFS spectra (left) and the cor-
responding Fourier transforms (right) of the Pu(V) and the Pu(VI)
reference samples and the theoretical fits (dotted line). The outer enve-
lope of the Fourier transforms is the amplitude and the oscillating inner
line is the real part of the complex transform. The transform range
in this and other figures is 2.5–13 Å−1 and Gaussian narrowed with
a 0.3 Å−1 window. The fit range is 1.2–3.5 Å. The Fourier transforms
are not corrected for EXAFS phase shifts, so that FT peak position of
a given peak does not equal the pair distanceR.
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Sample Shell R(Å) N a σ(Å)

Pu(V) Pu−Oax 1.821 (5) 2 0.030 (3)
Pu−Oeq 2.48 (1) 3.8 (4) 0.072 (7)

Pu(VI) Pu−Oax 1.759 (5) 2 0.047 (5)
Pu−Oeq 2.42 (1) 4.7 (5) 0.067 (7)

PuO2(H2PO4)2 Pu−Oax 1.787 (5) 2 0.049 (5)
Pu−Oeq 2.37 (1) 4.3 (4) 0.10 (1)
Pu−P 3.63 (3) 2.4 (3) 0.10 (1)

Pu(VI)-Bacillus Pu−Oax 1.777 (5) 2 0.068 (7)
sphaericus Pu−Oeq 2.42 (1) 4.2 (4) 0.10 (1)
complex Pu−P 3.71 (3) 1.5 (5) 0.072 (7)

Literature data

Sample Shell R(Å) N a σ(Å)

Pu(V) Pu−Oax 1.81 2 −
[16] Pu−Oeq 2.47 4 −
Pu(VI) Pu−Oax 1.74 2 −
[16] Pu−Oeq 2.40 6 −
Pu(VI) Pu−Oax 1.74 1.9 0.03
[17] Pu−Oeq 2.42 4.4 0.07

a: N for Pu−Oax is fixed at 2 ands0
2 = 0.9.

Table 2. EXAFS structural param-
eters of the Pu(V) and the Pu(VI)
aquo ions, PuO2(H2PO4)2 and the
Pu(VI)-Bacillus sphaericus com-
plex in comparison to literature
data (error in parentheses). Er-
rors are the approximate abso-
lute errors estimated by compar-
ison to crystalline standards [10]
or from a Monte Carlo technique
whichever is larger [20]. Fits in-
clude the Pu−Oax multiple scatter-
ing peak and further peaks (usu-
ally oxygen) to phenomenologi-
cally account for overlap with the
Pu−P peak, and as such their fit
parameters are not shown.

Å

Fig. 6. Pu LIII -edgek3-weighted EXAFS spectra (left) and the corres-
ponding Fourier transforms (right) of PuO2(H2PO4)2 and the Pu(VI)-
Bacillus sphaericus complex and the theoretical fits (dotted line). The
fit range is 1.2–4.2 Å.

aquo ion and 1.76 Å and 2.42 Å for the Pu(VI) aquo ion,
respectively. The Pu(VI) standard has a larger number of
equatorial oxygens at a shorter distance compared to the
Pu(V) standard. The increase of the oxidation state also
causes a 0.06 Å contraction of the double bond. The struc-
tural parameters derived for the Pu(V) and Pu(VI) references
are in very good agreement with literature data (also shown
in Table 2) [16, 17].

As mentioned briefly in regards to the XANES, multiple
scattering is known to occur for the collinear Pu−Oax pairs,
giving a Pu−Oms peak in the EXAFS Fourier transform.

This peak corresponds to an atom pair distance that is twice
that of the Pu−Oax distance. This feature is visible in Fig. 3
just below 3 Å, corresponding to a Pu−Oms length of about
3.6 Å. We account for this peak in the fits to the EXAFS
spectra by fixing the amplitude of the Pu−Oms peak to half
of the amplitude of the Pu−Oax single scattering peak and
the atom pair distance to twice that of the Pu−Oax distance.
Fit parameters for this Pu−Oms peak are less reliable than
single scattering peaks, especially for the Debye–Waller fac-
tor (σ). Generally speaking, all of the Pu−Oms σ measure-
ments from fits reported in this work are smaller than phys-
ically reasonable considering thermal bond vibrations, and
therefore the Pu−Oms contribution is overestimated.

Complexation of Pu(VI) with H2PO4
− ligands in the

PuO2(H2PO4)2 standard increases the bond length of the
axial oxygens and decreases the equatorial oxygen dis-
tances. The distance between the plutonium and the axial
oxygen atoms is 1.79 Å. The equatorial oxygen distance
was found to be 2.37 Å which matches the average dis-
tance for monodentate coordination determined for uranyl
systems [4]. The equatorial oxygen coordination number is
4.3±0.3. Like the plutonyl standards, the spectrum of the
plutonium phosphate precipitate exhibits a peak at about
3 Å, however it is stronger and has a different phase charac-
ter than the spectra from the Pu(V) and Pu(VI) aquo ions.
Although this peak has a Pu−Oms contribution as in the
aquo ions, it is primarily caused by the scattering from the
phosphorus atoms at a distance of 3.63 Å. The measured
Pu−P coordination number is 2.4±0.3. This measurement
is consistent with the expected coordination of two from the
composition of the precipitate.

The Pu(VI) atom of the Pu-Bacillus complex is also co-
ordinated with 4 equatorial oxygen atoms, but the distance to
the equatorial oxygens (2.42 Å) as well as the Pu-phosphorus
distance (3.70 Å) are longer than in our Pu-phosphate model
compound. The determination of the number of phosphorus
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Å

Fig. 7. Fourier transforms of the EXAFS spectra of the Pu(VI) refer-
ence solution, the Pu-Bacillus complex and the Pu-dihydrogen phos-
phate complex in theR +∆ (Å) region from 2.5 to 3.5 Å.

atoms is more complicated than in the model data because the
Pu−P contribution is smaller and therefore interferes more
strongly with the Pu−Oms peak. To estimate the coordination
number, we compare the spectrum of the Pu-Bacillus com-
plex with those of the Pu(VI) aquo ion and the Pu-dihydrogen
phosphate complex in theR +∆ (Å) region from 2.5 to 3.5 Å
(Fig. 7). As shown in this figure, the maximum of the real
part of the complex transform shifts from 2.62 Å for the
Pu(VI) reference to 2.73 Å for the Pu-Bacillus complex and
to 2.82 Å for the plutonium phosphate. In addition, the ampli-
tude increases with increasing number of phosphorus atoms
from 0 (Pu(VI) reference solution) to 2 (PuO2(H2PO4)2).
Comparison with the reference spectra in theR +∆ region
from 2.6 Å to 3.0 Å shows that the number of phosphorus
atoms in the coordination sphere of the bacterial complex is
probably lower than that of the Pu-phosphate. We determine
an average coordination number both from these direct com-
parisons and from the fits of 1.5±0.5 for the Pu(VI)-Bacillus
sphaericus complex.

Discussion

Our results show thatBacillus sphaericus forms strong sur-
face complexes with plutonium(VI). Similar to earlier in-
vestigations with U(VI), mainly phosphate groups on the
cell surface are involved in Pu complexation. We obtain an
average number of phosphate groups of 0.89 mmol/gdry weight

for the strain used in our experiments but not all phosphate
groups determined by acid/base titration are available for
binding of the Pu. We calculate a maximum molar ratio of
Pubound to P of 2.6 : 1.

Knowledge of the bacterial Pu(VI) complex is neces-
sary for predicting the microbial impact on the migration
behavior of Pu(VI) in the environment. We used EXAFS
spectroscopy to determine the structural parameters of the
Pu(VI) bacterial complex. Our results show that Pu(VI) is
primarily bound to phosphate groups on the cell surface.
No carboxylate complexation could be detected. This agrees
with our earlier results on the complexation of U(VI) to dif-
ferentBacillus strains [3, 4].

Related studies on the interaction of U(VI) with liv-
ing cells, spores, heat-killed cells, and decomposed cells
of Bacillus sphaericus by time-resolved laser fluorescence

spectroscopy [18, 19] show that different phosphate com-
plexes are formed. Using intact cells, the U(VI) is bound
to organo-phosphate groups of the bacterial cells. With in-
creasing age of the samples, the cells begin to lyse. During
this process, inorganic phosphate is released and a uranyl
phosphate precipitate is formed. The characterization of the
released phosphate species by Raman spectroscopy [18]
and the uranyl phosphate complexes by time-resolved laser-
induced fluorescence spectroscopy (TRLFS) [18, 19] has
shown that the bacteria release H2PO4

− during decompos-
ition which leads to the formation of UO2(H2PO4)2.

EXAFS spectroscopy of the Pu(VI) complex withBacil-
lus sphaericus confirms these results. The analysis of the
EXAFS data not only provides information on the bond
lengths and the coordination number of the axial and equa-
torial oxygens and the phosphorus atoms, it also shows
that the Pu(VI) in our 6-hours sample is not precipitated
as PuO2(H2PO4)2 by released phosphate. The feature of the
k3-weighted EXAFS spectra and the corresponding Fourier
transforms of the bacterial complex differ significantly from
those of the PuO2(H2PO4)2 precipitate. Furthermore, the
bond lengths between the Pu(VI) and the equatorial oxygen
as well as the phosphorus atoms are longer in the bacterial
phosphate complex than in the Pu(VI) dihydrogen phos-
phate precipitate. The number of phosphorus atoms also de-
creases. In agreement with the results of U(VI), we conclude
that Pu(VI) is bound to organo phosphate groups of the cell
surface. Differentiation between complexes formed by inter-
action with bacteria is very important for studies in natural
environmental systems where not only living metabolizing
cells but also dead and even decomposed cells are present.
Further studies on complexation of U(VI) with bacterially-
related phosphate species as a function of age and status of
the bacteria using EXAFS are under way.

In conclusion, we find that contrary to U(VI), which is
stable under our experimental conditions [4, 18], Pu(VI) is
reduced with increasing contact time to Pu(V) in the pres-
ence of aerobic soil bacteria [6]. Pu(IV) is also formed by
disproportionation of Pu(V) and autoreduction of Pu(VI).
We investigated the oxidation state distribution by fitting the
XANES spectra by using Pu(IV), Pu(V) and Pu(VI) refer-
ence spectra. The results agree well with the oxidation state
distribution obtained by solvent extraction. Near-edge spec-
troscopy allows easy detection of oxidation state changes
even in very complex systems such as bacterial suspensions
without disturbing the chemical equilibrium.
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